In groundwater quality assessments it is easier and more effective to reduce the number of parameters included in water quality indices. A total of 20 quaternary loose rock pore water and tertiary clastic rock cranny pore water data sets were used for Jilin City, China, as basic data, and 10 water quality parameters were selected for reduction using rough set theory and a statistical analysis of groundwater quality. Results showed that the quality of confined water was better than that of phreatic water in the study area. Confined water was of good quality, and met the permissible limits of the Quality Standards for Groundwater of China, with the exception of NH 4 þ and F À . For phreatic water, the five parameters of total dissolved solids, NH 4 þ , NO 2 À , Fe, and F À exceeded the permissible limits, with levels of NH 4 þ and Fe having a 70% and 40% rate of exceedance, respectively.
INTRODUCTION
Water is essential for life, and the safety of drinking water is directly related to human health (Viala  Because of the large number of water quality indicators and diverse sources of pollution, whichever method is used will have difficulties processing the large amount of water quality monitoring data. Considering all the indicators and pollution sources, the identification of water quality can become not only inefficient but also ineffective. Therefore, methods to quickly and effectively streamline the data, while ensuring that the accuracy of water quality assessment results is maintained, have become the focus of many environmental studies (Beenen et ), fuzzy comprehensive evaluation based on GIS (Fang et al. ) , and the single index method (Wang et al. b) . The applications of these methods require the use of large numbers of indices and samples, and the assessment is therefore not quick or efficient. Therefore, the use of rough set theory is proposed for data reduction, which can be used to achieve effective water quality assessment.
MATERIALS AND METHODS

Study area
Jilin City is located in Jilin province, northeast China, and a large number of hydrogeological drillings have occurred around its urban area. After considering the distribution of 76 drillings, 10 representative drillings were selected for use in this study. The sampling locations are shown in Figure 1 . Data for quaternary loose rock pore water (phreatic water, Q 4 ) and tertiary clastic rock cranny pore water (confined water, Ns) were available for each borehole, with 20 data sets in total. Samples were analyzed based on the Water Quality Monitoring Standards of China (GB/T5750-2006 (Table 1) .
Principle of rough set theory
Rough set theory (Pawlak ) uses an IS to represent knowledge, which is usually expressed as a data sheet
where U expresses the universe (a finite non-empty set with n elements, U ¼ {x 1 , x 2 ,…, x n }); A expresses the attribute set (a non-empty finite set with m attributes, A ¼ {a 1 , a 2 ,…,a m }),
and is divided into condition attributes (set C ≠ φ) and 
Indiscernibility relation and approximation set
When certain objects in the IS cannot be distinguished accurately due to a lack of knowledge, the relation is referred to as an indiscernibility relation, and its essence is an equivalence class. Let ∀B ⊆ A, x i , x j ∈ A, we say that x i and x j are indiscernible by the set of attributes B in IS if
which corresponds to an indiscernibility relation as 
Set X can be defined when BX ¼ BX, otherwise, set X cannot be defined in U, and is called a rough set.
Discernibility matrix and discernibility function
For an IS, the cardinal number of the indiscernibility relation for attribute set A in universe U is expressed as n ¼ card(U|Ind(A)), the discernibility matrix is of the order n × n, and any element in the matrix is represented as follows:
Obviously, the discernibility matrix is symmetric.
Usually only the part below the triangle is considered.
and is a Boolean conjunctive of non-empty elements in the
, and the discernibility function is defined as
Its value is 1 when attribute set α(x, y) ¼ φ. The collection of all necessary attributes forms a core, denoted by core(A), and core(A) ¼ ∩red(A).
Core and reduction
Let ∀a ∈ A, if Ind(A) ¼ Ind(A À {a i }), attribute a i is redun- dant for attribute set A, otherwise, a i is independent in A (Pawlak ). Let B ⊆ A, when Ind(B) ¼ Ind(A) at
RESULTS AND DISCUSSION
Statistical analysis
To determine the basic groundwater quality in the study area, a statistical analysis method (Li et al. ) was used to analyze the data as shown in Tables 2 and 3 . The zero values were considered to be concentrations below the detection limits, and were used in the calculation of the mean and other coefficients.
It can be seen from Table 2 that among all the parameters considered for confined water, the coefficient of variation for NO 3 À was the largest, followed by NH 4 þ , which indicates that NO 3 À and NH 4 þ had a higher degree of dispersion; concentrations of the parameters were non-uniform in the region.
, TH, TDS, SO 4 2À , and Fe displayed a medium coefficient of variation, and the dispersion of the data was relatively small with more uniform concentrations throughout the region. The minimum coefficient of variation was observed for pH, and subsequently its degree of dispersion was the lowest of all parameters investigated. The results revealed that concentrations of NH 4 þ and F À exceeded the permissible limits set in the Quality Standards for Groundwater of China (QSGC) (GB/T 14848-93) with the rate of exceedance being 10% and 20%, respectively. The groundwater in the study area was clearly polluted to some degree.
Moreover, the mean concentration of NH 4 þ was 0.33 mg/l, The results of the statistical analysis revealed differences between confined water and phreatic water. Overall, the quality of confined water was slightly better than that of phreatic water. Two indices were exceeded in confined water, whereas five were exceeded in phreatic water.
Although the concentrations of several materials (TH, TDS, NH 4 þ , etc.) in phreatic water were higher than in confined water, the concentrations of other materials (Cl À , SO 4 2À , etc.) were higher in confined water than in phreatic water. It is unreasonable to judge water quality as good or bad purely by using ionic concentrations; a scientific classification method should be employed.
Attribute reduction
The steps involved in rough set attribute reduction can be summarized as follows:
(1) Set up an IS using the data sets.
(2) Data discretization based on QSGC.
(3) Build the discernibility matrix.
(4) Solve the discernibility function and attribute reduction based on Matlab software.
Initially an IS was built to support the water quality assessment. The parameters used in the water indices were used as attribute set A in the system (i.e., a 1 , a 2 , a 3 … as pH, TH, TDS, etc.). V was the collection of corresponding values for the parameters. The parameters and their values represented the universe in this IS.
Then water quality levels in terms of ion concentrations (Table 1) were ranked according to the QSGC (GB/T 14848-93). Groundwater was classified into five classes from good to poor (I-V) according to the standards (Table 4) . Classes I to III indicate good water quality that is drinkable, class IV is poor quality water and is not suitable for human consumption without treatment, and class V is extremely poor quality water. Values were discretized (Tables 5 and 6 ), for use in constructing the discernibility matrix.
When considering the water quality classification by using the individual parameters as indices of water quality, for confined water, NH 4 þ was class IV in samples E and F, and F À was class IV in samples B and J. Both could be used as drinking water after treatment. NH 4 þ was class V in sample J, and was not drinkable. In all other samples the parameters were class III or better, and therefore the water was considered suitable for drinking. For phreatic water, TDS indicated class IV in sample B, NH 4 þ was class IV in sample F, NO 2 À was class IV in sample C, Fe was class IV in samples E, F, and K, and F À was class IV in sample J. All of these samples were drinkable after treatment. NH 4 þ was class V in samples A, D, E, H, and J, and
Fe was class V in sample D, all of which were unsuitable for human consumption.
In the next stage a discernibility matrix of the discretized IS, based on formula (4), was established (Tables 7 and 8 ).
The matrix was a symmetric 10 × 10 band matrix, with data only in the lower triangular section. The numbers in the matrix represent different items, indicating the discernibility relation between the samples in rows and columns; they can be used to distinguish these two samples. The discernibility function was calculated using formula (5), and employed an attribute reduction program based on Matlab R2011b software. The results of the calculations revealed that {a 2 , a 3 , a 6 , a 7 , a 9 } was one of the best reductions for the confined water IS, i.e., TH, TDS, NH 4 þ , NO 2 À , and Fe were the core parameters for confined water quality; while {a 2 , a 3 , a 4 , a 6 , a 7 , a 9 } was one of the best reductions for were the core parameters for phreatic water quality. The other parameters could be omitted because they represented information that was unnecessary for determining groundwater quality.
Assessment of water quality
Because the core parameters in indices of groundwater quality were known, the improved Nemerow index method (Yang et al. ) was used to evaluate groundwater quality after attribute reduction and without attribute reduction indices, as shown in Table 9 . For both confined and phreatic water, the assessment results for attribute reduction and without attribute reduction were consistent, which indicates that the application of rough set theory to reduce the parameters used in indices does not change the results. After attribute reduction the water indices were substantially reduced, but remained the largest classification function to ensure the accuracy of water quality assessment results, and effectively reduced the complexity of the calculations.
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However, sample J was class IV and required pretreatment before drinking. For phreatic water, only 40% was suitable for drinking (20% class I and II, and 20% class III). Fifty percent of samples were class IV and required pretreatment before drinking. Sample D was class V and was unsuitable for drinking. As seen from the two figures, the quality of the confined water is superior to that of phreatic water. Confined water was mainly class II and III, which meets the permissible limits, with a small number of class IV samples that required pretreatment to make it drinkable.
CONCLUSIONS
There was less class II and III water in phreatic water, whereas class IV water was widely distribution, and even some class V water was identified. This indicates that most 
